Genome-wide assessments allow for fuller characterization of genetic diversity, finer-scale population delineation, and better detection of demographically significant units to guide conservation compared with those based on "traditional" markers. Galapagos giant tortoises (Chelonoidis spp.) have long provided a case study for how evolutionary genetics may be applied to advance species conservation. Ongoing efforts to bolster tortoise populations, which have declined by 90%, have been informed by analyses of mitochondrial DNA sequence and microsatellite genotypic data, but could benefit from genome-wide markers. Taking this next step, we used double-digest restriction-site associated DNA sequencing to collect genotypic data at >26 000 single nucleotide polymorphisms (SNPs) for 117 individuals representing all recognized extant Galapagos giant tortoise species. We then quantified genetic diversity, population structure, and compared results to estimates from mitochondrial DNA and microsatellite loci. Our analyses detected 12 genetic lineages concordant with the 11 named species as well as previously described structure within one species, C. becki. Furthermore, the SNPs provided increased resolution, detecting admixture in 4 individuals. SNPbased estimates of diversity and differentiation were significantly correlated with those derived from nuclear microsatellite loci and mitochondrial DNA sequences. The SNP toolkit presented here will serve as a resource for advancing efforts to understand tortoise evolution, species radiations, and aid conservation of the Galapagos tortoise species complex.
Galapagos giant tortoises (Chelonoidis spp.) are an icon of the Galapagos Archipelago. As the largest herbivore native to the archipelago, Galapagos giant tortoises are ecosystem engineers and seed dispersers that provide critical ecosystem functions . Phylogenetic and phylogeographic methods have estimated that the ancestor of this radiation is likely a South American species that arrived on the oldest islands about 3-4 million years ago (MYA; Caccone et al. 1999 Caccone et al. , 2002 Poulakakis et al. 2012; Kehlmaier et al. 2017) . From there, tortoises colonized the islands where they now occur starting ~1.75 MYA . Previous genetic work on this species complex based on both mitochondrial DNA (mtDNA) and microsatellite loci has shown that the current distribution occurred through an interplay of dispersal and vicariance, with little or no natural gene flow after the initial colonization of the different islands . Thus, distinct genetic lineages have formed through allopatric differentiation, each likely on their own evolutionary trajectory (Caccone et al. 1999 Ciofi et al. 2002 Ciofi et al. , 2006 Beheregaray et al. 2003a Beheregaray et al. , 2004 Russello et al. 2005 Russello et al. , 2007 Edwards et al. 2013; Poulakakis et al. 2015 Poulakakis et al. , 2008 Poulakakis et al. , 2012 Garrick et al. 2015) . Currently there are 15 named species (Turtle Taxonomy Working Group 2017). Most islands host only a single species (Figure 1 ), except for the 2 largest islands, Santa Cruz and Isabela, where 2 and 5 species occur, respectively.
Since the islands were first discovered in the 1500's, numbers of Galapagos giant tortoises have declined by ~90% (Márquez et al. 2004 ) due to past exploitation by mariners and early colonists (see Porter 1822; Townsend 1925 ) and introduction of nonnative species which are predators of tortoise nests and hatchlings as well as competitors for forage (Guézou et al. 2010; Phillips et al. 2012) . Population declines have resulted in the extinction of 4 tortoise species, and the placement of 9 on the IUCN Red List of endangered taxa [4 as Vulnerable, 3 as Endangered, and 2 as Critically Endangered (Turtle Taxonomy Working Group 2017)]. One recently named species (C. donfaustoi) has yet to be fully evaluated by the IUCN, although likely is eligible for Critically Endangered status based on its small distribution and low population numbers (Turtle Taxonomy Working Group 2017) . In response to these declines, concerted conservation efforts are ongoing throughout the archipelago focused on habitat restoration, pest removal (Campbell et al. 2004; Harper and Carrion 2011) , captive breeding, and headstart programs to stimulate population recovery (Fritts et al. 2000; Milinkovitch et al. 2004 Milinkovitch et al. , 2007 Cayot 2008; Jensen et al. 2015) .
Until recently, most estimates of genetic variation and differentiation in this complex have been made using mtDNA or nuclear microsatellite loci. However, with the rapid declines in costs and increases in information generated by high-throughput sequencing methods, it has become feasible to characterize genome-wide diversity in nearly any organism (Davey et al. 2011; Ellegren 2014) . Transitioning from mtDNA and microsatellite loci to genomic marker sets has numerous advantages. For example, the increased number of loci spread throughout a genome allows fuller characterization of genetic diversity and detection of fine-scale population differentiation (e.g. Viengkone et al. 2016) . In addition, the use of reduced-representation "genotyping-by-sequencing" techniques (e.g. Baird et al. 2008 ) allow for markers to be simultaneously identified and genotyped in a large set of individuals, thereby reducing the potential of ascertainment bias (Heslot et al. 2013; McTavish and Hillis 2015) . These methods are especially useful for detecting differences among lineages resulting from rapid radiations, where there has been relatively little time for genetic differentiation to accumulate (e.g. Wagner et al. 2013; Campagna et al. 2015) . The genomewide assessment of populations can also be a powerful conservation tool, as it provides increased resolution to define management units (Funk et al. 2012) , characterize adaptive potential in the face of changing environmental conditions (Eizaguirre and Baltazar-Soares 2014; Harrisson et al. 2014) , and identify hybrid individuals that Figure 1 . Map of the Galapagos Islands indicating sampling locations used in this genome-wide assessment of diversity and divergence among extant Galapagos giant tortoises. Population abbreviations are in parentheses, the species name is reported below each island and population symbol. may require special management considerations (Wayne and Shaffer 2016) . In addition, genome-wide information can be incorporated into management actions, such as when planning breeding programs or choosing individuals for translocations or reintroductions (Bosse et al. 2015; Whiteley et al. 2015) .
Here, we use double-digest restriction-site associated DNA sequencing (ddRAD; Peterson et al. 2012 ) to identify genomewide variation using a population dataset including 117 individuals from all extant Galapagos giant tortoise lineages. We then used these >26 000 loci to reconstruct genome-wide patterns and levels of genetic diversity and compare them to those obtained by previous mtDNA and microsatellite loci analyses.
Methods

Sample Collection and Sequencing
In the remainder of the manuscript, we use "species" to refer to named taxa, "population" to refer to genetically distinct, but unnamed groups, and "lineage" when referring to both. Samples used in this study were collected during previous expeditions (Caccone et al. 1999 Ciofi et al. 2002 Ciofi et al. , 2006 Beheregaray et al. 2003a Beheregaray et al. , 2003b Beheregaray et al. , 2004 Russello et al. 2005 Russello et al. , 2007 Poulakakis et al. 2008 Poulakakis et al. , 2012 Edwards et al. 2013 Edwards et al. , 2014 Garrick et al. 2014 Garrick et al. , 2012 . We used approximately 10 samples per lineage (n = 117 individuals in total; Table 1 ). We grouped the sampling sites Los Pegas and Las Tablas (previously noted as LP and LT) as West Cerro Azul (WCA), given that tortoises at these locations are genetically indistinguishable despite being separated by several kilometers . The individuals included in the dataset for this study were chosen from among over 300 samples previously screened at mtDNA (~700 bp of control region) and nuclear microsatellite loci (12 loci) that included all the extant and extinct lineages Edwards et al. 2013) .
DNA was extracted from blood samples using a DNeasy Blood and Tissue kit (Qiagen) according to the manufacturer's instructions. We then prepared ddRAD libraries following Peterson et al. (2012) . For each sample, 500 ng of genomic DNA was digested with the restriction enzymes MluCI and NlaIII (New England BioLabs) and ligated with Illumina-specific adaptors tagged using 18 unique barcodes and 2 index codes. Individual ligation products were quantified using Qubit (Invitrogen) fluorometry and then pooled into 13 libraries that each included between 12 and 18 individuals at equal molar concentrations. Pooled libraries were size-selected ~310 bp (range = 279-341 bp) with a BluePippin (Sage Science). Size-selected libraries were sequenced using 75 bp paired end chemistry on 13 lanes of an Illumina HiSeq 2000 at the Yale Center for Genome Analysis.
SNP Discovery and Screening
We used forward and reverse reads to generate a de novo assembly using pyrad v.3.0.3 (Eaton 2014 ). Reads were de-multiplexed and assigned to individuals based on barcodes, allowing for one mismatch. We replaced base calls of Q < 20 with an ambiguous base (N) and discarded sequences containing more than 4 ambiguities. We used 85% clustering similarity as a threshold to align the reads into loci. Additional filtering parameters were set to allow for a maximum number of SNPs to be called: retaining clusters with a minimum depth of sequence coverage (Mindepth) > 5 and a locus coverage (MinCov) > 10, a maximum number of SNPs per RAD-tag of 15 (maxSNP=15), and a maximum proportion of individuals with shared heterozygote sites of 20% (MaxSH=p.20) . This last parameter was used to minimize the effect of paralogous loci being incorrectly grouped together (Eaton 2014) .
To reduce the effects of linkage disequilibrium on downstream analyses, we subsampled the loci to have only one (the first) SNP per RAD-tag using VCFtools version v0.1.14 (Danecek et al. 2011) . Loci were further screened in PLINK version 1.90b3 (Chang et al. 2015) to have a minimum minor allele frequency (MAF) of 0.05 and be genotyped in at least 80% of samples.
Allelic Diversity and Genetic Differentiation
We characterized genetic diversity summary statistics using GenoDive version 2.0b27 (Meirmans and Van Tienderen 2004) and the package diveRsity version 1.9.90 (Keenan et al. 2013) in R version 3.2.2 (R Core Team 2015). Within GenoDive, we measured inbreeding via lineage mean G is values, which are akin to F is values (Weir and Cockerham 1984) . Significance of G is values was assessed using 95% confidence intervals calculated through 10 000 bootstrap replicates across loci. To determine pairwise genetic differentiation among the lineages, we calculated F st values with Arlequin version 3.5.2.2 (Excoffier and Lischer 2010) . We also used the R package dartR version 0.94 (Gruber et al. 2018) to calculate the proportion of fixed differences between pairs of lineages. Finally, we calculated per lineage nucleotide diversity (π) using VCFtools version 0.1.14 (Danecek et al. 2011) and generated confidence intervals (CIs) by bootstrapping per-SNP π estimates 10 000 times in the R package bootstrap version 2017.2 (Tibshirani et al. 2017) . Note that the estimates of π were based on the polymorphic sites that passed the filtering described above but may be fixed in individual lineages.
Assignment Tests
We performed assignment tests using k-means clustering of individuals in GenoDive. This method implements clustering via an AMOVA framework such that within-group diversity is minimized while among-group diversity is maximized (Meirmans 2012) . Between 2 and 20 genetic clusters (K) were examined, leaving all other parameters at default values. The optimal number of clusters was assessed via Bayesian Information Criterion (BIC) such that the optimal K was the one with the lowest BIC score. However, we explored all K within BIC = 2 of the lowest value as BICs within this range suggest that one value is not a substantively better fit to the data than another (Burnham and Anderson 2004) .
Genetic Structure
We examined genetic structure among lineages with 3 different methods, 2 of which do not assume a priori grouping of individuals. First, admixture analyses were conducted using the R package lea version 1.2.0 (Frichot and François 2015) . This package provides least-squares estimates of individual ancestry proportions (Frichot et al. 2014 ) among genetic clusters without a priori grouping of individuals. We chose this method as it is optimized for large SNP datasets and is robust to departures from traditional population genetic model assumptions, such as Hardy-Weinberg and linkage equilibrium (Frichot et al. 2014) , used by programs such as STRUCTURE (Pritchard et al. 2000) . We tested K = 1-17 with 20 replicates of each K. Optimal K values were chosen by examining cross-entropy scores for the point at which this value was minimized. Ancestry matrices from lea were processed with CLUMPAK (Kopelman et al. 2015) prior to visualization. Secondly, we examined genetic structure by conducting principal component analysis (PCA) with lea, which also does not assume a priori grouping of individuals. The percent variation explained by each principal component was assessed with Tracy-Widom tests (Patterson et al. 2006) . Finally, we used discriminant analysis of principal components (DAPC). This method combines discriminant analysis with PCA to maximize differentiation among groups while minimizing within group variation (Jombart et al. 2010) , in our case sampling locations. DAPC analyses were undertaken using the R package adegenet version 2.0.1 (Jombart 2008; Jombart & Ahmed 2011) and the "optim.a.score" function to determine the number of principal components to retain.
Comparison to Previous Estimates of Genetic Differentiation
Previous studies have estimated differentiation among Galapagos giant tortoises using both mitochondrial DNA and microsatellite markers (Caccone et al. 1999 Ciofi et al. 2002 Ciofi et al. , 2006 Beheregaray et al. 2003a Beheregaray et al. , 2003b Beheregaray et al. , 2004 Russello et al. 2005 Russello et al. , 2007 Poulakakis et al. 2008 Poulakakis et al. , 2012 Edwards et al. 2013 Edwards et al. , 2014 Garrick et al. 2014 Garrick et al. , 2012 . We used a sub-set of the data from Garrick et al. (2015; dryad doi: 10.5061/dryad.7h8q2) to compare the newly derived SNP estimates to previous estimates, which includes the same lineages for which we obtained SNPs. For the microsatellite loci, we calculated diversity statistics using GenoDive and diveRsity, and for mtDNA, we calculated nucleotide diversity (π) with DnaSP v5 (Librado and Rozas 2009 ). In addition, we calculated pairwise F st values among lineages in Arlequin for both mtDNA (~700 bp of the control region; using the distance method of Tamura and Nei (Tamura and Nei 1993) ) and microsatellite loci (N = 12). Comparisons among F st values was done using Mantel tests as implemented in the R package vegan version 2.4-6 (Oksanen et al. 2018) with significance assessed by 9999 permutations.
Results
After de-multiplexing and filtering for quality and ambiguous barcodes, we retained a total of 3 094 399 092 reads (approximately 15 to 58 million reads per individual). The de novo assembly of the data resulted in 48 004 056 RAD-tags (approximately 320 000-465 000 per individual). The mean coverage per locus per individual was 12X (minimum 9; maximum 15). The total number of SNP loci found was 973 321. Following filtering to retain one SNP per RAD-tag (543 761 loci removed), presence in at least 80% of samples (296 675 loci removed; the distribution of missing data per-locus can be seen in Supplementary Figure 1) , and minimum MAF of 5% (106 331 loci removed), the final dataset included 26 554 SNPs that were used in all downstream analyses.
The number of polymorphic SNPs within each lineage (Table 1 ) ranged from 6825 in CF (C. donfaustoi) to 14 541 in the PBL population (population of C. becki; see Table 1 for lineage abbreviations). Mean observed heterozygosity per lineage ranged from 0.08 in CF to 0.15 in PBL. For all lineages, inbreeding coefficients (G is ) ranged from 0.082 for ESP to 0.249 for PBL. As expected when using thousands of markers, G is were significantly >0. The proportion of fixed alleles between lineage pairs ranged from 0% between AGO and the 2 C. becki populations to 4.32% between CF and ESP (mean ± SD = 0.93% ± 1.03%; Supplementary Table 1) . Per-lineage estimates of π were similar (mean ± SD = 0.1273 ± 0.0265), with the lowest diversity seen in ESP and the highest in the PBL population of C. becki (Table 1) . However, we note that these estimates of π are based solely on polymorphic sites, so they should be considered as relative values among lineages rather than exact estimates. All pairwise F st estimates were also significantly >0 (Supplementary Table 2 ), ranging from 0.108 between AGO (C. darwini) and PBR (population of C. becki), to 0.660 between CF (C. donfaustoi) and ESP (C. hoodensis).
The lowest BIC score for k-means clustering of individuals was at K = 8 (Supplementary Table 3 ). However, BIC scores for K = 7-12 were all within 2 of one another (Supplementary Table 3 ), suggesting that any one K is not a substantively better fit to the data within this range of values. However, examination of K = 12 gave biologically meaningful results, with the majority of samples being assigned to the geographic location in which they were sampled (Supplementary Table 4 ). The only exception to this pattern was 2 samples from one of the 2 genetically differentiated populations from C. becki (PBR), which were assigned to the other population of the same species (PBL).
For the lea admixture analyses, cross entropy values were similar for K = 7-12 (<0.006 from the lowest value at K = 8; Supplementary Table 3 ). At K = 12, however, all sampling locations were differentiated with only 2 individuals sampled in PBR (one of the 2 C. becki populations), and one individual each from AGO (C. darwini) and CF (C. donfaustoi) appearing admixed (Figure 2A ). The admixed individuals from PBR were sampled as part of a survey of Wolf Volcano on Isabela in 2008 (Garrick et al. 2012; Edwards et al. 2013 ) and do not have majority membership to any one cluster, with ~25% of their cluster membership assigned to both AGO and PBL, and the remainder split among other lineages. The admixed sample from AGO shared ancestry with the lineage from VA (C. vanderburghi), whereas the one from CF (C. donfaustoi) shared ancestry with samples from the other species occurring on the same island Santa Cruz (CRU; C. porteri). See Supplementary Material for description of clustering at each K from 7 to 12, which showed hierarchical patterns of differentiation among the lineages.
Within the principal component (PC) analysis, PCs 1 and 2 differentiated the majority of lineages explaining 12.4% and 8.5% of the variance in the dataset, respectively (Supplementary Figure 3A) . However, whereas species from central and southern Isabela (CAZ, C. guntheri; WCA, C. vicina; VA, C. vanderburghi; and VD, C. microphyes) were well separated from the other lineages, they were not clearly distinct from one another on these axes or PCs 3 and 4, when considering all species (Supplementary Figure 3B) . Therefore, we repeated the analysis including only samples from southern Isabela species. This analysis clearly differentiated the 4 taxa from one another (Supplementary Figure 4) .
Based on the optim.a.score, we retained 9 PCs for the DAPC analyses. Here, the first 2 PCs differentiated most lineages, except for the 5 species from Isabela Island and the species from Santiago Island (C. darwini; AGO; Figure 2B ). However, across PCs 3 and 4, all species became more clearly distinct from one another, although AGO (C. darwini) and PBL (population of C. becki) showed overlaps in their grouping ( Figure 2B ).
Mean observed heterozygosity values per lineage estimated using SNPs were correlated with those from microsatellites (Pearson's r = 0.70; t = 3.09, df = 10, P = 0.01; Supplementary Table 5 ), but not to nucleotide diversity of the mtDNA control region (Pearson's r = 0.07; t = 0.23, df = 10, P = 0.82; Supplementary Table 5 ). The Mantel test showed that the pairwise F st values between lineages calculated from microsatellites were strongly correlated with those from SNPs (r = 0.88, P < 0.0001). However, F st estimates from SNPs were, on average, 72% larger than those from microsatellites, except for between AGO (C. darwini) and PBR (population of C. becki), where the SNP estimate was 7% smaller (Supplementary  Table 2 ; Figure 3A) . Similarly, pairwise F st values calculated from mtDNA control region were all significantly different than zero (Supplementary Table 6 ), and the magnitudes of the estimates were correlated to those from SNPs (Mantel test r = 0.60, P < 0.0001; Figure 3B ). Figure 1 and Table 1 .
Discussion
Here, we characterized a novel set of >26 000 SNP loci among extant Galapagos giant tortoises using ddRAD sequencing. Analysis of these loci showed that genetic diversity varied among lineages (Table 1) , a result consistent with previous mtDNA and microsatellite analyses (Beheregaray et al. 2003b; Poulakakis et al. 2012; Garrick et al. 2015) and not unexpected given the distinct demographic histories of the different lineages. Some lineages have experienced drastic changes in population sizes due to volcanic eruptions and sea level changes, which altered habitats and connectivity among islands (Beheregaray et al. 2003b; Poulakakis et al. 2012) , as well as intraspecific competition and niche partitioning (Hunter et al. 2013) . Others were dramatically reduced in size in much more recent times due to human exploitation, as well as competition with, and predation by, invasive species (MacFarland et al. 1974; Milinkovitch et al. 2004 Milinkovitch et al. , 2013 Cayot 2008; Jensen et al. 2015) . The newly described species endemic to eastern Santa Cruz Island (C. donfaustoi, CF: Table 1 ) has the lowest number of polymorphic loci and genetic diversity, consistent with genetic estimates from previous work that showed the species diverged only ~0.43 million years ago and persisted as a small, geographically restricted population for most of its history (Poulakakis et al. , 2015 Garrick et al. 2015) . The next 2 lineages with the lowest diversity are the species on Espanola (ESP) and Pinzon (PZ) islands (C. hoodensis and C. duncanensis, respectively), which is again consistent with known population declines that reduced ESP to 15 individuals (MacFarland et al. 1974; Milinkovitch et al. 2004 Milinkovitch et al. , 2013 and PZ to ~150 individuals (MacFarland et al. 1974; Cayot 2008) . In contrast, the 3 lineages with the highest levels of diversity are PBR (population of C. becki), AGO (C. darwini), and PBL (population of C. becki), respectively. These 3 lineages are closely related to one another , with the PBL and PBR populations founded via independent colonization of Wolf Volcano by individuals from Santiago Island (AGO) approximately 199 000 and 53 000 years ago, respectively ). Diversity may have been maintained in these populations due to lower levels of tortoise exploitation and no historical population collapse on Wolf Volcano and Santiago Island.
Our SNP analysis showed positive G is values for all lineages (Table 1) . Although this is often taken as an indication of inbreeding, positive G is values can also be generated by processes such as genetic drift or Wahlund effects (Wahlund 1928) . In this case, Wahlund effect is an unlikely explanation given the island-based distribution of this complex and the lack of population subdivision within species (Ciofi et al. 2002; Garrick et al. 2015) . Rather, population bottlenecks are likely responsible for the positive G is values, given that previous M-ratio tests based on microsatellite loci suggested that demographic contractions have occurred in all lineages of Galapagos giant tortoises . These tests, which can detect population reductions within the last 10-50 generations (Peery et al. 2012) , date these demographic changes to a time period that coincides with habitat changes and exploitation by mariners and early colonists that started in the late 1700s (Márquez et al. 2004; Garrick et al. 2015) .
Across our clustering and assignment analyses, we found consistent evidence for the distinctiveness of 12 genetic lineages of Galapagos giant tortoises. These lineages directly corresponded to 11 recognized species plus the 2 genetically distinct, yet morphologically cryptic, C. becki populations (PBL and PBR) on Wolf Volcano (Isabela Island). Within each of these analyses we observed hierarchical clustering (Supplementary Figures 2-4) . However, it is important to note that such hierarchical patterns and the order in which different groups separate from each other is largely a function of methods that detect the most prominent structure first, rather than necessarily being reflective of their phylogenetic relationships (Vähä et al. 2007; Janes et al. 2017) . Such hierarchical patterns have been also reported for radiations or range expansions, where recovery of all groups in a single analysis is not necessarily expected, especially for groups that have diverged more recently (Praebel et al. 2013; Jensen et al. 2014) . In this light, we advocate continued use of probabilistic approaches, such as BIC scores or cross-entropy values, to assess fit of assignments, along with clear presentation of the criterion used (Janes et al. 2017) .
The magnitudes of differentiation among lineages were broadly concordant with previous estimates from nuclear microsatellite loci, though SNP-based F st values were higher than the ones based on microsatellite loci ( Figure 3A ). This pattern is expected when comparing values generated from bi-allelic versus multi-allelic markers (Payseur and Jing 2009; Putman & Carbone 2014) . The magnitude of differentiation measured by SNPs was also correlated to that from mtDNA control region sequences ( Figure 3B ), although estimates from mtDNA were much higher. This pattern is expected given the reduced effective population size and increased coalescence rate of the mitochondrial genome compared to the nuclear genome. Similar levels of SNP-based genetic differentiation were detected in Gaughran et al. (in press ) that conducted genome-wide analyses of 3 of the 11 extant species (PBL, population of C. becki; CRU, C. porteri; and VA, C. vandenburghi) analyzed here, as they had been the sole focus of 2 studies that disputed the occurrence of genomic differentiation among Galapagos giant tortoises based on transcriptomic data collected for a total of 5 individuals (Loire et al. 2013; Loire and Galtier 2017) . Interestingly, reanalysis of Loire et al.'s (2013) data by Gaughran et al. (in press) was also able to recover significant population differentiation.
The new SNP-based toolkit provides higher resolution to detect individuals with admixed ancestry than previously used genetic markers. Low levels of genetic admixture among species from different islands have been previously reported. Most cases were found among samples from a few geographic locations and attributed to relatively recent human activities, such as translocations Poulakakis et al. 2012; Edwards et al. 2013; Garrick et al. 2014; Miller et al. 2017) or changes in land use in the case of allopatric species living on the same island (Russello et al. 2005; Poulakakis et al. 2015) . In this study, out of 117 samples, only 4 individuals [PBL (n = 2; population of C. becki); AGO (n = 1; C. darwini); CF (n = 1; C. donfaustoi)] showed consistent signs of admixture ( Figure 2A; Supplementary Figure 2) . Several processes can generate admixture patterns when using assignment programs such as lea or STRUCTURE, including incomplete linage sorting, secondary contact, and isolation by distance (Frantz et al. 2009; Falush et al. 2016) . In this analysis we see evidence for the first 2 processes. For the AGO and PBL individuals, the genomic signal of admixture is likely the result of incomplete lineage sorting due to shared ancestry given the recent origin of the PBL population from tortoises from Santiago Island, where AGO currently resides (~200 000 years ago, Poulakakis et al. 2012) . For the one admixed individual in the C. donfaustoi population from Cerro Fatal (CF), admixture is more likely due to human-mediated land use changes on the island that have facilitated contact between the 2 allopatric species living on the island (C. porteri and C. donfaustoi; Russello et al. 2005; Poulakakis et al. 2015) . Thus, detection of admixture in these 4 individuals speaks to the power of genomic techniques to reveal more detailed ancestry assignments than mtDNA or microsatellites.
Significance and Future Directions
Given that the results presented here largely parallel those found with "traditional genetic markers" one can wonder if the investment to develop genomic resources was necessary (McMahon et al. 2014) . Indeed, conservationists often have limited resources and face tradeoffs among competing priorities (e.g. genetic/genomic research, habitat conservation, or other on-the-ground management actions) in how to distribute funds. However, we feel that these markers will provide a valuable conservation resource for this iconic reptile group. Tens of thousands of genomic loci offer unprecedented accuracy when inferring patterns and levels of individual and population differentiation, diversity, and genetic admixture that can all be used to inform conservation strategies. In addition, the SNP database we have assembled and present herein will be a resource for future efforts to advance understanding of tortoise evolution and species radiations, including constructing detailed phylogenies (Rubin et al. 2012; Eaton et al. 2017) , inferring demographic history (Trucchi et al. 2014) , and examining the process of speciation in this rapid radiation (Bultin 2010; Gante et al. 2016) .
Future work will include incorporation of population level representation of 2 of the extinct species into the current SNP database. Previous studies have shown that these historical samples are not only key to accurate inferences of the evolutionary history of this radiation (Caccone et al. 1999 Poulakakis et al. 2012 ), but are also instrumental in identifying living individuals of high conservation value with mixed ancestry to 2 recently extinct species , 2010 , Poulakakis et al. 2008 , 2012 Garrick et al. 2012; Edwards et al. 2013; Miller et al. 2017 ).
Supplementary Material
Supplementary material can be found at https://academic.oup.com/ jhered/.
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